High pressure magnetic susceptibility experiments can yield valuable insights into the changes in magnetic behavior and electron correlation properties which can accompany extreme compressions of matter. However, magnetic susceptibility experiments with ultrahigh pressure diamond anvil cells are extremely challenging due to the very small size of the high-pressure sample ͑Ϸ75 m diameter͒ and the difficulty of obtaining good coupling between the sample and the sensing coil. As a result, measurement sensitivity and poor signal-to-background ratios tend to be serious concerns which limit the applicability of these experiments. We present here a new approach to high-pressure ac magnetic susceptibility experiments that involve specially fabricated diamond anvils with diamond encapsulated sensing microcoils which are located just 10-20 m from the high-pressure sample. We also present some test results taken with a gadolinium sample in order to demonstrate the viability of this high-pressure ac susceptibility technique.
I. INTRODUCTION
The experimental investigation of the physical properties of matter under extreme pressures is currently a very active field of research. Using high-pressure diamond anvil cells ͑DACs͒ 1,2 experimenters are now able to routinely study materials under ultrahigh static pressures exceeding 100 GPa. These experiments are valuable for investigating a number of interesting high-pressure phenomena such as pressureinduced transformations of the crystalline structure, pressureinduced insulator-to-metal transitions, and pressure-induced superconductivity.
The high transparency of single crystal diamond anvils to optical and x-ray wavelengths has enabled the easy adaptation of diamond anvil cells to a wide variety of optical and x-ray diagnostic probes. However, other types of highpressure experiments are much more problematic. Although ultrahigh pressure experiments have also been performed using electrical conductivity 3, 4 and magnetic susceptibility [5] [6] [7] [8] techniques to pressures above 100 GPa, these types of experiments suffer from difficulties related to the very small size of the sample ͑typical dimension Ϸ75 m or less͒ and its relative inaccessibility while it is being pressurized in a diamond anvil cell. We present a new technique for high-pressure ac magnetic susceptibility measurements which is based on a recently developed high-pressure technology that enables us to custom fabricate diamond anvils for various types of highpressure experiments. These ''designer'' diamond anvils feature thin-film metal circuits encased within the diamond anvil itself. [9] [10] [11] 
II. DESIGNER DIAMOND ANVILS
A simplified schematic diagram of a designer anvil as it would be used in a diamond anvil cell is shown in Fig. 1 . The designer anvil consists of a standard 1/3 carat diamond with a tungsten thin-film probe patterned on its surface using three-dimensional ͑3D͒ laser pantography and twodimensional ͑2D͒ projection lithography, 12, 13 followed by high quality epitaxial diamond chemical vapor deposition ͑CVD͒. 9 The laser pantography system patterns an electrodeposited photoresist on the steep walls of the anvil by translating the anvil with precision computer-controlled stages ͑x, y, z, and ͒ under a focused ion-argon laser beam. An acousto-optic modulator ͑AOM͒ is used to rapidly turn the beam on and off in conjunction with the stage movements. The electrodeposited resist provides a uniform photoactive layer of 6 -20 m on conductive substrates regardless of their shape. Typical probe linewidths are 10-30 m and probe thicknesses range from 0.2 to 0.7 m. These line patterns extend from the 300 m diam culet of the anvil, where the high-pressure sample is located, then down the side of the anvil to 125 mϫ250 m pads, which serve as connection points for external instrumentation. Ordinary 2D projection lithography cannot be used for patterning the anvil walls because of the depth of field created by the angle of the diamond facets. Projection lithography can be used to pattern the intricate magnetic susceptibility coils on the 300 m diam culet region because it is relatively flat. This combined use of both lithographic techniques has proven to be versatile approach to the problem of patterning nonflat surfaces.
After fabrication of the tungsten microprobes, a single crystal layer of epitaxial diamond is deposited onto the anvil substrate by microwave plasma CVD using a 2% methane in hydrogen gas mixture. The typical as-grown diamond film thickness is about 20-50 m. Finally, the rough as-grown diamond surface on the culet of the anvil is polished to a smooth finish to prepare for high-pressure experiments. Due to the homoepitaxial nature of the diamond film growth, the tungsten microprobes become fully integrated into the new single crystal designer diamond anvil, and are thus protected from damage due to shearing or abrasion in high-pressure experiments. These probes have been demonstrated to remain functional to 180 GPa. 9 Taking advantage of the design flexibility afforded by the lithographic fabrication of the microprobe features, we report on a new class of designer anvils for high sensitivity ac magnetic susceptibility experiments which feature magnetic sensing coils embedded within the diamond. The culet of a designer diamond anvil used for ac susceptibility is shown in Fig. 2 . The microcoil pattern on the culet consists of a five-turn coil with 5 m linewidth, which can be seen after the lithography in Fig. 2͑a͒ . Figure 2͑b͒ shows the culet immediately after the CVD diamond encapsulation, which shows the rough growth steps which occur during the CVD process. The final step involves polishing the diamond down to micron tolerances in order to expose the arc at the inner microloop which can then make electrical contact with the metal gasket. Figure 2͑c͒ shows the culet viewed with reflected light, in which only the exposed inner arc is observable, and Fig. 2͑d͒ shows the same culet viewed with transmitted light in order to see the five-turn microcoil. Due to the close placement of this microcoil to the high-pressure sample, very high signal sensitivities and signal-tobackground ratios are possible in high-pressure ac magnetic susceptibility experiments.
A. ac magnetic susceptibility with DACs
An ac magnetic susceptibility experiment is performed by creating a time varying magnetic field using an excitation coil and measuring the sample response by detecting the voltage induced in a sensing coil. The sensing coil is placed as close to the sample as possible in order to maximize the sensitivity. Any changes in the magnetic susceptibility of the sample alter the magnetic field lines and the amount of magnetic flux passing through the sensing coil, resulting in a change in the voltage induced.
A key concern in an ac magnetic susceptibility experiment is the degree of coupling between the sample and the sensing coil. Since the magnetic field from a magnetic dipole moment decreases as 1/r 3 , where r is the distance from the dipole, it is highly desirable to place the magnetic sensing coil as close as possible to the sample in order to achieve maximum possible sensitivity and signal-to-background ratio. Unfortunately, in a DAC experiment the sample is sandwiched between two diamond anvils, making it somewhat inaccessible. Therefore, high-pressure ac magnetic susceptibility experiments with DACs generally utilize sensing coils that are wrapped around the exteriors of the diamond anvils. 5, 14, 15 This approach, however, sacrifices a large amount of sensitivity since the filling factor of the sensing coil ͑i.e., the effective volume fraction of the coil filled by the sample͒, is very small. For example, a typical highpressure sample may be only about 75 m in diameter, while the external sensing coil may be 2-4 mm in diameter. The induced voltage generated by this sensing coil is predominantly due to the large, time-varying background magnetic flux from the excitation coil. The signal of interest, however, is the relatively small time-varying magnetic flux from the sample itself, which is superimposed onto the large excitation coil background. For example, the signal from a 100 m diam superconducting sample may only be 100 nV and superimposed on a background signal of about 1 V for an uncompensated sensing coil, 5 a raw signal-to-background ratio of 10 Ϫ7 . Thus, extreme care must be taken to cancel out the large background signal voltage with counterwound compensating coils and/or compensating circuits in order to recover signals from just the sample itself.
B. ac magnetic susceptibility with designer anvils
We now explore some of the performance and design issues associated with the microcoil designer anvil approach with the following calculations. For simplicity, we will assume a point magnetic dipole approximation for the induced ac magnetic moment of the sample. The magnetic field B dip due to the sample is then given by
where m is the magnetic dipole moment, r is the position where B dip is measured with respect to the sample, and r 0 is the unit vector of r. This induced magnetic field from the sample is superimposed on the excitation field B 0 ϭB 0 ẑ so that the total magnetic flux captured by a coil of area A is then given by
We call the first term the background flux B (ϭB 0 A) and the second term the magnetic dipole flux dip . If we assume that coil area A is normal to the m vector and located a distance d from point magnetic dipole, then dip , given by the surface integral of B dip •n over coil area A, is
where R is the radius of the coil. For purposes of comparison, assume that we have a sensing coil external to the diamond anvils with Rϭ2 mm that it is positioned at axial distance dϭ0.5 mm from the sample. Then, for a single-turn external coil, dip ϭ2.87m (mm Ϫ1 ), where m is the induced magnetic moment of the sample. On the other hand, for a diamond-encapsulated microcoil, the characteristic radius R is around 0.1 mm and the axial distance d may be about Ϸ0.02 mm. Thus, for a single-turn microcoil, dip ϭ59.24m (mm Ϫ1 ), and each turn captures about 20 times more flux than each turn of an external coil ͑Fig. 3͒.
A key concern is the magnitude of the background voltage, which is proportional to B ϭB 0 A, in relation to the signal voltage. For a single-turn external coil with the dimensions already described, B ϭ4B 0 (mm 2 ). For a singleturn microcoil (Rϭ0.1 mm, dϭ0.02 mm), B ϭ0.01B 0 (mm 2 ). Therefore, each turn of a microcoil captures only about 1/400 of the background flux of the external coil.
The signal voltage, proportional to dip , is therefore about 20 times larger for a single-turn microcoil compared to a single-turn 2 mm external coil. Thus, our standard five-turn microcoil design captures approximately as much flux as a 100-turn external coil. Since hundreds of turns are often used for external sensing coils, the signal voltages from the microcoils can be expected to be comparable to, but somewhat smaller than, those of typical external sensing coils. However, the primary concern with high-pressure magnetic susceptibility experiments is generally not the magnitude of the signal voltage, but rather its level relative to the normally enormous background voltage, i.e., the signal-to-background ratio. We can estimate the relative intrinsic signal-tobackground ratios by comparing the flux ratios dip / B . For an external 2 mm coil, this ratio is 0.228(m/B 0 ) (mm Ϫ3 ), but for a microcoil, the ratio is 1885.67(m/B 0 ) (mm Ϫ3 ), an improvement of almost 10 4 . Note that these flux ratios dip / B are independent of the number of turns in the coils, so increasing the number of turns does not increase the signal-to-background ratio.
III. EXPERIMENTAL DESCRIPTION A. Circuit description
A schematic diagram of our diamond anvils and coil system is shown in Fig. 4 . The excitation coil consists of approximately 55 turns of 32 AWG copper wire, and is wrapped around a standard diamond anvil. The sample, with typical starting dimensions of about 75 m diameter and 50 m thickness, is sandwiched between the diamond anvils and contained within a hole drilled into a metallic gasket. The opposite diamond anvil is a designer anvil with a fiveturn microcoil. One end of this microcoil is attached to a connection pad located on the side of the anvil, and the other end of the microcoil emerges from the diamond surface in order to make electrical contact to the gasket. Electrical wires are attached to the tungsten connection pads with silver paint, and spot wielded to the gasket. The signal voltage is then directed to a lock-in amplifier by means of a shielded, twisted pair cable. A nonmagnetic, Be-Cu diamond anvil cell is used in these experiments ͑Kyowa Seisakusho Co., Ltd., Japan͒.
A schematic of the circuit is shown in Fig. 5 . The excitation coil is driven by a sine wave from a function generator ͑Stanford Research Systems, DS360͒. Frequencies from 100 Hz to 10 kHz have been used with good results. The excitation coil and the sensing microcoil are located on opposite sides of the metal gasket, so special care must be taken to ensure that the penetration skin depth of the excitation field is large relative to the thickness of the gasket.
Typical excitation currents are 10-90 mA, which yield ac magnetic excitation fields up to about 6 G. The voltage induced in the sensing coil is fed to a lock-in amplifier ͑Stan-ford Research Systems, SR850͒. The real part of the magnetic susceptibility corresponds to the voltage signal component which lags the reference signal by 90°. Due to the intrinsically high signal-to-background ratio of the microcoils, no background compensation coil or compensation circuits are needed.
B. Cryogenics
In order to collect magnetic susceptibility data as a function of temperature, we use a closed cycle He cryostat ͑Cryo-mech ST15͒, which allows us to cool the DAC from room temperature down to 10 K. Due to the slow cooling rate ͑approximately 2.4 deg/min͒, we typically collect data as the cryostat cools down. Two Si diode sensors are used to monitor the temperature within the cryostat, one located on the body of the DAC in order to monitor the sample temperature, and a second located on the cryostat cold head that is used for temperature stabilization.
Due to the thermal contraction of the Be-Cu DAC, the pressure is not constant as the temperature changes. Cooling from 300 K down to 10 K can result in a 60% increase in sample pressure if the DAC is not compensated for thermal contraction. It is therefore important to monitor the pressure within the DAC as a function of temperature. This is performed by measuring the ruby fluorescence of a ruby chip in the sample region of the DAC. 16 Laser light is coupled to the ruby using a 532 nm laser focused on the ruby within the DAC, and the spectrum is measured using a Princeton Instruments charge coupled device ͑CCD͒. In order to determine the pressure at a given temperature, we first measured the ambient pressure redshift of the R 1 (T) line throughout our accessible temperature range, which agreed with the published results within experimental error. 17 The pressure was then calculated using the technique of Ragan et al., 18 in which the pressurized blueshift of the R 1 (T) peak is compared with the ambient pressure result. In order to obtain a more constant P(T) relationship, we include a Delrin O ring inside the DAC which counteracts thermal contraction of the Be-Cu DAC body, and results in only a 20% increase in sample pressure upon cooling from room temperature to 10 K.
C. Measurements with a Gd sample
Pressure induced phase transformations in rare earth metals are of great interest because of the possibility of observing such phenomena as a volume collapse transition associated with delocalization of the 4 f shell, or a Mott transition in this class of materials. In addition, magnetic ordering transitions, which are well documented at low temperatures, are easily altered by application of high pressure. We study gadolinium as a test case for this newly developed designer diamond anvil technique to investigate the magnetic ordering temperature at high pressure.
Gadolinium undergoes a ferromagnetic transition at T c ϭ293 K at ambient pressure, 19 which is depressed with the application of pressure. Therefore, for our preliminary test experiments, we studied a Gd sample ͑Alfa AEsar, 99.9%͒ with a diameter of approximately 75 m and a thickness of about 50 m. A typical result for the real susceptibility, Ј, with a frequency of 1 kHz and a pressure of 1.6 GPa is shown in Fig. 6 . Initially, at high temperatures, Gd is paramagnetic, but as the temperature is lowered, it undergoes a ferromagnetic transition which is accompanied by a large increase ͑approximately 4% above the background͒ in the signal. The Curie temperature was determined by the location of the peak in ϪdЈ/dT, which was found to be 274 K. The temperature at which this large increase in Ј occurred was found to linearly decrease in temperature as the pressure was increased ͑see the inset in Fig. 6͒ . The rate of the decrease in the Curie temperature was determined to be dT C /dPϭϪ14Ϯ2 K/GPa, which is in good agreement with previous results ranging from Ϫ12 ͑Ref. 20͒ to Ϫ17 K/GPa. 
IV. DISCUSSION
We find that the multiloop designer anvil technique offers exceptional performance with regard to signal sensitivity and the signal-to-background ratio. One obvious idea for improving the performance of the sensing microcoil is to increase the number of turns. Since our projection lithography process is capable of 1 m linewidths, the number of turns in the microcoil pattern can be increased from 5 to 50, allowing it to capture approximately as much flux as a 1000-turn external coil. However, a close examination of the circuit design reveals that there are no great advantages to doing this. As mentioned previously, increasing the number of turns in the sensing coil does not increase the signal-to-background ratio. Furthermore, increasing the number of turns has the secondary effect of also increasing the microcoil's resistance and, hence, the thermal Johnson noise associated with the coil. Our five-turn sensing microcoils have a resistance of approximately 1.7 k⍀. The Johnson noise associated with it is then V noise ͓root mean square ͑rms͔͒ϭ(4k B TRB) 1/2 , where k B is the Boltzmann constant, T is the temperature, and B is the frequency bandwidth in hertz. At room temperature, the Johnson noise of the microcoil is then V noise ͑rms) ϭ5.3 nV/Hz 1/2 , which is comparable to the input noise of 5 nV/Hz 1/2 of the SR850 lock-in amplifier. The overall noise input at the input of the SR850 is then (5 2 ϩ5. . Since the Johnson noise of the microcoil is already comparable to the input noise of the SR850 lock-in, any further increases in the number of turns and resistance of the microcoil will not significantly improve the overall signal to noise of the microcoil/lock-in system. We see, then, that although the signal voltage can be increased by increasing the number of turns, neither the signal-to-background ratio nor the signal-to-noise ratio is appreciably improved.
The maximum sensitivity of our experiments is primarily limited by the thermal noise in the lock-in amplifier and in the microcoil itself. Microcoil signals below about 1 nV will tend to be obscured by this intrinic system noise. It is possible, however, to boost the signal voltage by increasing the amplitude and/or the frequency of the magnetic excitation field. By doubling the number of turns in the excitation coil and by increasing the frequency up to 90 kHz, we can reasonably expect to increase the sensitivity of our system to measure volume susceptibilities down to the 10 Ϫ3 emu/cm 3 range, or possibly even smaller, for a standard 75 m diam sample. Further increasing the measurement sensitivity beyond this range is likely to be hampered by the fact that the gasket itself contributes a small magnetic susceptibility signal to the background. Further experimentation will be needed to investigate all these issues.
In conclusion, we find that the microloop designer anvil approach offers an attractive method for performing highpressure magnetic susceptibility experiments due to its outstanding signal-to-background ratio as well as its relative ease of use. With the designer anvil approach, the sensing coil can be optimally sized and positioned with respect to the sample in order to maximize the signal while minimizing the background. This intrinsically low background level is a valuable feature for any future magnetic susceptibility experiments that involve magnetic phases and phenomena which have much smaller characteristic signals than current DAC techniques allow. FIG. 6 . Magnetic susceptibility of a Gd sample taken at 1.6 GPa with a microloop designer anvil. The ferromagnetic transition at T C ϭ274 K is clearly observable in the data. The inset shows the linear decrease in T C of Ϫ14 K/GPa.
